ABSTRACT In most instances, the growth of solid tumors occurs in constrained environments and requires a competition for space. A mechanical crosstalk can arise from this competition. In this article, we dissect the biomechanical sequence caused by a controlled compressive stress on multicellular spheroids (MCSs) used as a tumor model system. On timescales of minutes, we show that a compressive stress causes a reduction of the MCS volume, linked to a reduction of the cell volume in the core of the MCS. On timescales of hours, we observe a reversible induction of the proliferation inhibitor, p27
INTRODUCTION
The importance of the interactions between a tumor and its microenvironment, the stroma, has been recognized for more than a century (1) . In most instances, the growth of solid tumors occurring in constrained environments entails a competition for space. The pathways of communication between a tumor and its microenvironment are diverse, but they can broadly be separated into biochemical and mechanical signals. Although the former have been extensively studied (see, for instance, Mueller and Fusenig (2) and Roussos et al. (3) ), much less is known about the latter.
The competition for space results in a bidirectional mechanical coupling between the tumor and the stroma: on the one hand, the expanding neoplastic tissue compresses the stroma and thus builds up and stores an internal stress; on the other hand, an active stroma containing contractile myofibroblasts can exert a mechanical stress on the growing tumor (4) .
However, given the complexity of these systems, decoupling the effect of biochemical and mechanical interactions is a daunting challenge. A good candidate for such studies is the multicellular spheroid (MCS), introduced by Sutherland et al. (5) as a tumor model system: three-dimensional cellular aggregates that remarkably mimic the relevant in vivo physiological gradients of mitogens, oxygen, or glucose. They have been extensively used (see Hirschhaeuser et al. (6) for a review) as model systems for the study of drug delivery (7) , three-dimensional cell proliferation (8) , invasion (9) , or even angiogenesis (10) . Although their mechanical properties might differ from those of tumors, for many purposes, MCSs can be viewed as a tumor subunit. Because they do not have any biochemical crosstalk with their environment, MCSs are ideal to evaluate the impact of mechanical stress on tumor growth (11, 12) . It has been shown, for example, that the growth of a multicellular spheroid in a confined rigid environment inhibits its own growth (13) .
In a previous work, we have studied the influence of a compressive stress applied on MCSs (14) (15) (16) . We have shown that a compressive stress applied on MCSs grown from the mouse colon carcinoma cell line CT26 drastically and reversibly reduce their growth rate (14, 15) , and that this reduction is linked to a decrease of cell division in the center of the MCS rather than to an increase of cell apoptosis.
In this article, we dissect the biomechanical sequence caused by a controlled compressive stress. We first show on five different cell lines the generality of the effect observed at the MCS level. On timescales of minutes, we show that a compressive stress causes a reduction of the MCS volume, linked to a reduction of the cell volume in the core of the MCS. On timescales of hours, we observe a reversible induction of the proliferation inhibitor, p27 Kip1 , from the center to the periphery of the spheroid.
On the timescales of days, we observe that the cell cycle is blocked at the restriction point. We show that the effect of pressure on the proliferation can be antagonized by silencing p27 Kip1 . Finally, we quantify a clear correlation between the pressure-induced volume change and the growth rate of the spheroid. The temporal sequence of events that we study is completely reversible. It demonstrates a generic crosstalk between mechanical stresses and the key players of cell-cycle regulation. It suggests a role of volume change in the sensitivity to pressure.
MATERIALS AND METHODS
Cell culture, MCSs formation, and mechanical stress C, 10% CO 2 in DMEM supplemented with 10% calf serum and 1% antibiotic/antimycotic (culture medium). FHI (murine Schwann cells, obtained from immortalization of primary murine Schwann cells, given by D. Lallemand, Institut Curie) are cultured under the same conditions but with F12:DMEM (1:1) medium, supplemented with 10% calf serum and 1% antibiotic/antimycotic. MCSs are formed in 48-well plates using a classical agarose cushion protocol. When the MCS is formed, Dextran (molecular mass ¼ 100 kDa; Sigma-Aldrich, St. Louis, MO) is added to the culture medium to exert mechanical stress, as previously described in Montel et al. (14, 15) , at a concentration of 55 g/L to exert 5 kPa, and 80 g/L to exert 10 kPa.
Flow cytometry experiments
Fifteen MCSs are gathered together in 0.9 mL of Trypsin and placed in the incubator for 10 min. Cells are mechanically separated by agitation during 5 min. Trypan Blue measurements have been done to ensure the viability of the cells after dissociation, which is >95%. Trypsin activity is inhibited by addition of 100 mL of calf serum. Ice-cold ethanol (70%) is added dropwise to fix the cells, kept at 4 C for at least 12 h. Extracts are centrifuged at 600g for 5 min, then rinsed with ice-cold PBS, centrifuged at 300g for 5 min. Cells are resuspended in 300 mL of a propidium iodide (Sigma-Aldrich) solution in PBS at a concentration of 50 mg/mL, and 10 mL of RNase A (1 mg/mL; Sigma-Aldrich) is added. DNA histograms are recorded on a FACSort (BD Bioscience, San Jose, CA) and histogram analyses are performed with MODFIT (Verity Software House, Topsham, ME).
siRNA experiments and Western blots
Approximately 200,000 cells were seeded on 6-well plates the day before the experiment. The cells were transfected using Lipofectamine reagent (Invitrogen, Carlsbad, CA), with or without siRNA. We used four different conditions: no siRNA, a scrambled siRNA, and two different siRNAs targeted against p27
Kip1 (Dharmacon, Lafayette, CO). The cells were in the transfection medium for 6 h, then resuspended and spheroids were formed out of them.
To perform Western blots, 50 MCSs are placed in 70 mL of RadioImmunoPrecipitation Assay buffer. They are agitated at room temperature for 20 min, then heated at 100 C for 5 min. Laemmli buffer is then added and the solution is heated at 100 C for 5 min. Polyacrylamide gels (NuPAGE 4-12% Bis-Tris gels; Life Technologies, Carlsbad, CA) are run and transferred onto a nitrocellulose membrane. The membrane is rinsed three times in PBST (PBS þ 0.05% TWEEN), blocked 1 h with 10% milk and rinsed three times in PBST. Primary antibodies are incubated overnight at 4 C at a typical concentration of 1/2000. Membranes are further rinsed three times in PBST, blocked 30 min, and HRP-secondary antibodies (1/5000) are incubated for 1 h at room temperature. Membranes are rinsed three times and then revealed. To quantify Western blots, we subtract the background and calculate the sum of the intensity for every band of interest. We normalize it by the level of the a-tubulin band. We estimate the minimum and maximum intensity per band, and found that they differ on an average of 10% of the mean value. We take 0.1 Â value for the error bar measurement.
Cryosections, immunofluorescence staining, and density profiles
Cryosections, immunofluorescence, and density profiles are performed using the protocol described in Montel et al. (15) . Fluorescent images are recorded on an Eclipse microscope (Nikon, Melville, NY), with a Luca S camera (ANDOR Technology, Belfast, UK). Image analysis are performed with a home-made software employing MATLAB (The MathWorks, Natick, MA). Briefly, we localize the position of each nucleus positive for the staining by thresholding the second derivative of the image. Density profiles are obtained by normalizing the radial distribution of the nuclei positive for the staining against the protein of interest by the radial distribution of every nuclei, obtained using a DAPI staining. To have access to the number of nuclei positive for the staining, we sum this density profile over the radius. By tuning the threshold applied on the second derivative, we are able to plot density profiles with no false positive nucleus detected, and with the maximum of nuclei detected, which gives us a minimal and a maximal value for the integral. On average, the error made on the measurement is then taken to be 0.2 Â value.
Cell to cell distance DAPI stainings are obtained as described in the previous section, and images are recorded on a confocal microscope to ensure the same thickness imaged for each sample. To obtain an estimation of the local cell-to-cell distance inside a MCS, we choose an autocorrelation approach, explained in detail in the Supporting Material. Briefly, a small circular region of interest (ROI) is taken randomly inside the DAPI image, at a distance r from the center of the MCS. The autocorrelation of this ROI is done using a Fourier transform approach. We then plot the radial normalized autocorrelation function. Each maximum corresponds to the correlation of a nucleus with one of its neighbors: the first one with itself, the second one with its first neighbor, the third one with its second neighbor, etc. We take an estimation of the cell-to-cell distance d(r) by the average distance with the first neighbor, at the distance r from the center of the spheroid. Eventually, each (r,d(r)) point are gathered in a histogram, obtained with bins of the size of the ROI. Each cell-to-cell distance is the median of all the d(r) in the bins, and the error bars correspond to the error on the median of the distribution. Finally, the mean distance corresponds to the mean value of the cell-to-cell distance inside the MCS, and the error bar to the average of the error made for each measurement.
RESULTS

Mechanical stress reduces growth rate of multicellular spheroids on various cell lines
We first check the robustness of the growth-rate reduction of MCSs due to a compressive stress found in Montel et al. (14) . We form MCSs from different cell lines: mouse colon Biophysical Journal 107(8) 1821-1828 carcinoma CT26, human breast cancer BC52, and human colon carcinoma HT29. Fig. 1 A shows the growth of a CT26 MCS, growing from Day 0 to Day 10, with an initial diameter of 200 mm. To test the effect of the cancer stage and type, we also check the growth-rate reduction under a compressive stress for MCS made of Schwann cells (FHI) and sarcoma cells (AB6). We choose these cell lines as a panel of different cancer stages and types. CT26 and HT29 are both colon cancer cells, CT26 showing a more invasive phenotype in vitro. CT26, HT29, BC52, and FHI are all epithelial cancer cells, originating from three different cancer types, whereas AB6 represents sarcoma cancer cells, found in the bulk of tissues.
A biocompatible polymer, Dextran, is added to the culture medium to exert a mechanical stress (Fig. 1 B) . The biopolymer does not penetrate single cells, and does not affect single-cell growth (14) (15) (16) . The effect we observe is not an osmotic effect, as is often described in the literature for high osmolarity shocks. When studies mention the osmotic effect, they refer to a high osmolarity osmotic effect, often of salts, which is applied at the single cell level. Moreover, we showed in a previous study that we obtained the same growth result when we interposed a dialysis membrane between the Dextran and the MCS. In this case, the MCS is mechanically compressed by the dialysis membrane, and not directly by the Dextran. The stress that we apply is then a moderate osmotic stress on the outermost layer of cells, which is transmitted as a mechanical stress to the rest of the cells inside the MCS that do not feel the direct interaction with Dextran. Although it has an osmotic origin, this stress acts as a mechanical stress. The compressive stress can be seen as a network stress that tends to reduce the volume occupied by the MCS (14) (15) (16) . In this regime, Dextran is not affecting single-cell component concentration inasmuch as the reduction of volume observed is small (14) . We apply a compressive stress ranging 5-10 kPa. This stress is the order of magnitude of the MCS Young modulus, which can be measured by classical parallel-plate experiments (Marmottant et al. (17) and Manning et al. (18)). Fig. 1 , C-G, displays the volume of MCSs during growth with or without applied mechanical stress, normalized to the initial volume (~4 Â 10 6 mm 3 ). Despite a quantitative variability between different cell lines, we observe that all spheroids respond to an applied compressive stress with a drastic reduction of their growth rate. Note that the BC52 cell line responds more slowly than the other cell lines, and we need to wait 20 days to see a strong effect of the compressive stress on the growth curve. The same applies to the HT29 cell line. Inasmuch as the spheroids are less stable on longer times, we choose to apply 10 kPa instead of 5 kPa to see a strong effect on the growth curves. The volume is calculated assuming the spheroid's sphericity (14, 15) , and normalized to the volume before compression.
We proposed in our previous studies a surface growth model derived from Von Bertalanffy (19) , where the growth rate is lower in the bulk than at the periphery,
where l is the thickness of the external proliferative rim, V is the volume of the MCS, (36p) 1/3 V 2/3 is the MCS surface, k % 0 is the bulk growth rate, and dk R 0 is the growthrate increment at the periphery. Each growth curve is fitted with the surface growth model. The extracted parameters k and (dkl) are listed in Table S1 in the Supporting Material. The value (dkl) has only a weak dependence on stress whereas the bulk rate k decreases by at least a factor 2. These results validate the robustness of our surface-growth model. The growth curves are normalized before compression, and this takes into account all the effects discussed afterwards. This model also suggests that the response of the cells to stress depends on their positions inside the MCS: it is smaller at the periphery than at the center. In the following, we will focus on HT29, CT26, and BC52 cell lines, and particularly on HT29 for the cell-cycle regulation.
Decrease in cell volume
We investigate the effect of a compressive stress on the variation of the cell volume inside a MCS, on timescales smaller than the cell division time. To evaluate the cell volume, we slice a MCS at different time points after exposure to a compressive stress. Each slice is further stained with DAPI to label the nuclei. The relative distance between the nuclei of adjacent cells (d (r)) is measured as a function of their distance r from the center of the MCS, using a two-dimensional position-to-position autocorrelation algorithm. The cell-tocell distance d(r) is a good proxy for the cell diameter, and hence for the local cell volume. See Fig. S1 in the Supporting Material for more explanation on the method. Fig. 2 displays the distance d(r) of HT29 cells inside MCSs, at various time points after application of 10 kPa compressive stress. In the absence of mechanical stress, the cell-to-cell distance is roughly constant when controlling for one MCS cell type. Under compression, we observe a heterogeneous reduction of the cell-to-cell distance inside the MCS. At 5 min, the cell-to-cell distance is decreased by roughly 20% in the center of the MCS. A two-tailed t-test yields a p value p < 0.002 for the points in the center between t ¼ 0 and t ¼ 5 min, showing the significance of this decrease. This result is also observed on CT26 and BC52 MCSs under 5 kPa (see Fig. S2 ). This diameter profile remains unchanged for more than one day after this initial reduction (see Fig. S3 ). The autocorrelation-based measurement of d(r) is a clear improvement compared to the method used in our previous work (14,15) where we did not see any significant change in cell density. The autocorrelation provides an unbiased estimation of d(r), inasmuch as we do not supervise the identification and localization of each single nucleus. Moreover, the autocorrelation approach gives a better resolution. This enables us to precisely measure the local reduction of cell volume in the center of compressed MCSs.
This rapid cell volume reduction is observed at the level of the MCS where the whole MCS shrinks under compressive stress. This shrinkage is fully compatible with the observed cell volume reduction, and depends on the intensity of the applied stress (see Fig. S4 ). Note that this cell volume reduction is very large in the MCS compared to the case of individual cells. The compression, contrary to the individual cell scenario, must affect the molecular density of the inner cells.
Proliferation inhibition at the restriction point
Huang et al. (20) have shown that individual synchronized endothelial cells submitted to cytoskeletal tension are blocked at the late G1 checkpoint, known as the restriction point. Although the compressive stress has an opposite sign, we address in the following the arrest at the restriction point.
We first perform flow cytometry experiments in which the DNA quantity is assessed. We are able from these data to extract the relative percentage of cells in the G0/G1 phase of the cell cycle. We measure the relative change in this percentage as a function of the applied compressive stress, for cells coming from CT26 MCS and HT29 MCS, but also from CT26 cells cultured individually and submitted to the same concentration of Dextran. We observe in Fig. 3 A that the number of cells in the G0/G1 phase of the cell cycle increases as a function of the applied stress in both cell lines when cultured in MCS, but not when cultured individually. This effect then emerges as a three-dimensional property of the spheroids. Note that the other phases of the cell cycle are not affected by a compressive stress (see Table S2 ). This result shows that cells are blocked in the G1 phase of the cell cycle.
The restriction point is known as the point where the cells commit irreversibly to the cell cycle. It is controlled by the phosphorylation state of the retinoblastoma protein pRb (21) . pRb is phosphorylated by cyclin-(cyclin E and cyclin D1)-dependent kinases during G1 to progressively pass the restriction point. This phosphorylation can be inhibited by cyclin-dependent kinase inhibitors such as p21
Cip1 and p27 Kip1 . These two intrinsically disordered proteins are known to associate with the full repertoire of cyclin-dependent kinases (22) . Fig. 3 B displays the Western blot analyses for p27
Kip1 and total pRb. We observe a progressive decrease of pRb level with time, correlated with an overexpression of the kinase inhibitor p27 Kip1 . The level of the cyclins D1 and E, as well as the level of p21
Cip1 , is not affected by the compressive stress (see Fig. S5 A) . Note that we do not observe any increase of cleaved-caspase 3 over three days, suggesting that there is no direct increase of apoptosis due to the compressive stress on this timescale (see Fig. S6 ).
We observe that the phosphorylation of pRb is inhibited as well. Among its 16 phosphorylation sites, it has been shown that the phosphorylation of pRb at threonine 373 is a sufficient condition to pass the restriction point (23). We observe that the level of the phosphorylated pRb is correlated with pRb phosphorylated at threonine 373, pRb (T373) (see Fig. S5 B) , making the latter a good proxy for cell proliferation. To verify that p27
Kip1 is necessary for this inhibition, we use siRNA targeting p27 Kip1 . We show that we can silence p27
Kip1 up to two days after the formation of the MCS and the application of the mechanical stress (see Fig. S7 ). Fig. 3 C shows that without siRNA, the level of the pRb (T373) decreases in the control siRNA as well as in the scrambled siRNA. Conversely, when p27
Kip1 is silenced, we do not observe any decrease of pRb (T373) for two different siRNAs, and its level stays at that without any applied stress. Importantly, we still observe the cell volume decrease in the presence of siRNA. Taken together, these results demonstrate that a compressive stress inhibits cell proliferation at the level of the restriction point, by an overexpression of the kinase inhibitor p27 Kip1 . In the following, we investigate the spatial changes of p27 Kip1 and pRb (T373) inside the MCS.
Inhibitory front from the center to the periphery
We investigate the spatial and temporal phosphorylation of pRb at the threonine 373, i.e., proliferation (pRb (T373)) and the overexpression of the proliferation inhibitor p27 Kip1 . Both pRb (T373) and p27 Kip1 were stained in HT29 and BC52 MCSs, at different time points. Fig. 4 displays images of immunofluorescent staining, first normalized to their highest value, and then averaged over the angle, for pRb (T373) and p27 Kip1 . Below the images, we plot the density profiles for these proteins, calculated as in Montel et al. (14, 15) . Briefly, we first calculate the radial distribution of this protein for a slice. To do so, we detect every nucleus by thresholding the second derivative of the image with respect to spatial coordinates. We then calculate the radial distribution for every nucleus using the same method. We normalize the protein radial distribution by the nucleus radial distribution, to get a radial density expression of the protein, independent of the slice thickness. Images of the immunofluorescent staining are available in Fig. S8 .
We observe that at Day 0 pRb (T373) is more present in the cells at the periphery than in the cells at the center (Fig. 4 A) , consistent with enhanced cells proliferation at the periphery. Cell proliferation is progressively reduced inside the MCS, in a heterogeneous way: cell proliferation decreases first in the core, and at Day 3, pRb (T373) is only found at the periphery (Fig. 4, A-D) . We observe that at Day 3, the proliferation profile represented by pRb (T373) remains unchanged for the uncompressed scenario Compression, Volume, and Proliferationcompared to Day 0. This is consistent with a proliferation reduction due to the applied compressive stress.
The number of cells expressing p27 Kip1 rapidly increases within the first day, and we observed that p27
Kip1 is mostly expressed in the center of the MCS at Day 1 (Fig. 4 B) . The peak of p27
Kip1 overexpression progressively moves to the periphery of the MCS (Fig. 4, C and D) . This centrifugal inhibitory front correlates well with the drop of pRb (T373). Indeed, p27
Kip1 being upstream of pRb, it is expected that where the level of the phosphorylated form of pRb represented by pRb (T373) drops, it will be observed that the level of p27
Kip1 is higher. No increase of p27
Kip1 is observed three days after the beginning of the experiment in the uncompressed scenario (Fig. 4 D, blue circles) . These findings on the proliferation reduction and the inhibitory front of p27
Kip1 were confirmed on the BC52 cell line (see Fig. S9 ). In MCSs under mechanical stress, only the outermost layers of cells proliferate. This inhibition of proliferation develops as an inhibitory front moving from the center toward the periphery.
Correlation and reversibility
We have shown that a sequential series of events happens before the reduction of cell proliferation. The number of cells overexpressing p27 Kip1 and pRb (T373), which is estimated from the integral of the cell density, is well correlated to the protein level measured by Western blots (see Fig. S10 ), making this number a good proxy for the latter. Fig. 5 summarizes the temporal evolution of the mean cell diameter (Fig. 5 C) , of the number of cells overexpressing the proliferation inhibitor p27 Kip1 (Fig. 5 D) and of the number of proliferative cells expressing pRb (T373) (Fig. 5 E) when MCSs are submitted to a compressive mechanical stress (Fig. 5 B) . We show a sequential response of the cell volume, the overexpression of the proliferation inhibitor, and the reduction of proliferation (Fig. 5 A) .
The cell diameter responds fast (%1 min) when we apply a compressive stress. This suggests an elastic response, independent of any signaling or gene expression, and with no induced active response, because at Day 5 the diameter remains the same. The link between the volume change and the mechanical stress is causal: no change would arise without a compressive stress.
The overexpression of p27 Kip1 responds over a timescale of hours. The temporal response of p27
Kip1 is consistent with an active synthesis of this protein. p27
Kip1 and the cell volume are spatially correlated (see Fig. S11 ). At Day 1, p27 Kip1 is maximum where the volume is minimum after compression. This correlation suggests that p27 Kip1 level might be controlled by the cell volume change.
Eventually, the reduction of pRb (T373), i.e., proliferation, happens at the timescale of days. Inasmuch as the cell population is asynchronous, the reduction of proliferation has a delay of approximately one cell cycle, approximately one day for HT29. The link between p27
Kip1 and pRb (T373) is causal, inasmuch as we show that the effect on proliferation can be antagonized by silencing p27
Kip1 . This inhibition is reversible. We release the mechanical stress after five days for HT29 MCSs under 10 kPa. We observe that the mean cell diameter resumes in less than a day to the initial value. Note that this relaxation is even faster (~2-3 h) in the case where the spheroid is compressed for 30 min (see Fig. S12 ). This suggests a passive spongelike mechanism in which cells accommodate their volume to the surrounding stress by water influx/efflux. After relaxation, the number of cells overexpressing p27
Kip1 progressively decreases as the number of proliferating cells increases to the initial level, showing the reversibility of the inhibition.
Macroscopic correlation between the cell volume and the proliferation rate
We observe that the mechanical stress triggers a volume reduction, followed by and correlated to an increase of , leading to an arrest of proliferation. How can these observations, made at the protein/cell level, be reconciled with the observations made at the MCS level?
We have shown that the growth rate depends on the applied stress (14, 15) . Fig. 6 displays the initial volume reduction of MCSs, obtained 5 min after the application of the mechanical stress, plotted as a function of the growth rate k obtained from the fitting of the growth curves by the surface growth model. We present here the result for five different intensities of mechanical stress.
We observe a remarkable correlation between the initial volume reduction and the growth rate of the MCS. This observation, which is consistent with all the previous results, suggests that the volume reduction, happening within minutes after the application of the compressive stress, controls the proliferation of the MCS, which is observably measured days after the application of the stress.
DISCUSSION
We have shown that MCSs of various cell lines submitted to a compressive mechanical stress exhibit a reduction of their growth rate. A sequence of events starting from the reduction of cell volume, followed by an inhibitory front of the proliferation inhibitor p27
Kip1 , leads to a reversible reduction of proliferation. Each event is spatially correlated to the previous one, and the reversibility of this sequence indicates that the three events are temporally correlated. Moreover, p27
Kip1 silencing can antagonize the proliferation reduction, but has no effect on the reduction of the cell volume. This volume change is also spatially correlated to the overexpression of p27 Kip1 . Our results strongly suggest a mechanical control of p27
Kip1 through a volume change. How can a volume change be translated in an activation of p27 Kip1 ? Contrary to the case of individual cells, this stress reduces cell volume, mostly for the inner cells of the MCS. Not all the molecules being soluble, this must entail a change in molecular density.
In 1998, Huang et al. (20) submitted endothelial cells to a mechanical stress. Individual cells were seeded on reduced adherent surfaces to increase their cytoskeletal tension. They observed a proliferation arrest of cells under tension: tension blocks cells in late G1 through an overexpression of p27 Kip1 . The total level of cyclin D1, cyclin E, and p21
Cip1 was unchanged. In our study, cells are submitted to a compressive mechanical stress. They are, to our knowledge, the first experiments working under compression rather than under tension. Even though the stress has an opposite sign, our results are in agreement with this previous study. In particular, in both cases the mechanical stress affects cell proliferation through an overexpression of p27 Kip1 . Results on two-dimensional colonies close and after confluency show that at the center of the colony the cell density gets higher, and that the mechanical stress due to its own colony growth leads to a cell volume reduction. This higher density implies a decrease in cell proliferation (24) . The results of our work suggest that cell volume change could play a role in the sensitivity to compression. At this point we can only speculate on the link between volume change and p27 activation. The transcription of p27
Kip1 is controlled by the Forkhead box class O family (FoxO) (25) . The phosphorylation of FoxO by the protein kinase B (PKB) is known to inhibit p27
Kip1 transcription by sequestering FoxO in the cytoplasm (26) . It has been shown, however, that the activation of protein kinase C (PKCa isoform in this case) can inhibit PKB inhibition of FoxO (27) , which could lead to the transcription of p27
Kip1 . The PKC family comprises different isoforms that can be separated according to the way they can be activated (28) . A subfamily of PKC, like PKCa, requires calcium to be activated. Calcium channels are known to be able to respond to stretching stress (29) , and several studies report that cell compression leads to an intercellular increase of calcium concentration (see, for instance, Roberts et al. (30) and Erickson et al. (31) ). It has been shown that calcium-dependent PKC activation responds within seconds to a calcium concentration elevation (32) . Whether in our case a volume reduction implies an increase of calcium concentration leading to an activation of p27 Kip1 remains to be proven, however, and would require a distinct study.
More and more studies show that the stroma can play a crucial role in cancer progression. One approach might be to view the microenvironment as a restraining environment for tumor progression. Bissell and Hines (33) report in a review several examples in favor of this approach. We believe that an activated stroma might restrain tumor progression: by exerting an external mechanical stress, the stroma could reduce tumor growth (34) . 
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